Production functions for sugar in four major sugar-producing residencies of Cultivation System Java 1840-1870 are estimated using colonial data. The residency level estimates are analyzed for evidence of structural change in the period 1848-1851. The analysis conrms that the reforms of 1848-1851 in the Netherlands East Indies were accompanied by signi cant c hanges in sugar production. The results are also consistent with agricultural involution in Java. There is strong evidence for technological change in sugar production, though these gains cannot be speci cally attributed to either the agricultural or the milling aspect of sugar production.
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Geertz's 1963 theory of agricultural involution. We nd strong evidence for structural change in sugar production during the period 1848-1851. In residencies 4 in which the demands of competing indigo plantations is high, this change a ects both the labor and the land component of the production function, while in residencies in which the uptake o f labor by indigo is low, only the land component of the production function is a ected. We also nd evidence of increases in sugar production which are not explained by observed increases in inputs. A possible interpretation of these changes is technological progress, the agricultural component of which could be interpreted as agricultural involution. Finally, the estimates of the elasticities provide evidence of the e ects of increasing saturation of land with labor and of the land constraint which Geertz 1963 mentions as the cause of involution. The residencies included in this analysis are the Pasisir 5 residencies of Pekalongan, Semarang and Surabaya see Figure 1 , and the Pasundan residency of Cirebon. 6 The paper is divided into ve sections. In section 2, we provide the historical background for this analysis, with the motivation for each of the three issues to be analyzed, namely structural change, technological change, and agricultural involution. Section 3 contains the empirical analysis, with a discussion of the data used, univariate tests to diagnose potential problems in the data, and estimation of the production functions. 4 The 1830's passed relatively uneventfully in Cultivation System Java. The government consolidated and expanded production in areas in which the plantations were proving to be pro table, and in many cases, the welfare of the farmer improved with the new source of revenue. In 1844, however, the rst in a series of crises which were to eventually bring about dramatic reform struck in the form of a severe rice famine in the Indramayu area of the residency of Cirebon. 9 What made the famine unusual was the scale of starvation and outmigration it precipitated. The e ects of this famine persisted in the form of a weakened commercial infrastructure and a debilitated labor force until 1848. Surabaya in 1844 and Semarang in 1847 were also a ected by famines in the mid 1840's, but these were less severe. At about the same time as this rst wave of famines, a typhoid epidemic of massive proportions developed in the central mountains of Java, and by 1848 it had reached the lowland areas of Pekalongan and Semarang. The Dutch East Indies authorities took several small steps to alleviate the misery that these disasters caused. Among them was a move to reduce the area under indigo, which was known to impose an excessive labor burden on the peasantry. In Cirebon, for example, a large substitution of land from indigo production to sugar production took place between 1847 and 1850. 10 That these measures were insu cient was clearly borne out in the period of 1849-1850, when a second and more widespread wave of famines struck Java, a ecting Cirebon, Pekalongan, Semarang and Surabaya, among other residencies. In Figure 2 , a plot of rice production shows the famines of the 1840's. 11 Elson 1994 attributes the problems of the late 1840's in part to the excessive demands made on labor in Java for corv ee, the obligatory labor tax levied on the peasantry, 12 and related 9 Elson 1994 provides a synopsis of the shocks Cultivation System Java su ered in the latter half of the 1840's. The account here is an abbreviated version of that account, with a focus on the four residencies being studied. 10 See van Baardewijk 1990, Table A6 , p. 72. For an account of the shift from indigo to sugar, see Fasseur 1992 , p. 80. 11 These data are derived from Boomgaard and Van Zanden 1990 Food Crops and Arable Lands, Tables 9A, 9B , and 10, pp. 112-116. 12 Usually, each village had to supply a xed number of peasants for a xed numb e r o f d a ys per year to ful ll this obligation. See Elson 1994, pp. 90-93, and pp. 144-146 for discussion of corv ee. 5 services. For three of the four residencies analyzed here, he provides examples of these demands. In Cirebon, for example, following the drought-related famine of 1844, over 300 kilometers of canals up to 10 metres in width and many dams were erected using corv ee labor. In Semarang and Surabaya, large numbers of laborers were conscripted for the construction of forti cations. 13 At the same time as the disasters of the late 1840's were a ecting the Javanese peasantry, the political system in the Netherlands was changing under the new liberal government of prime minister J.R. Thorbecke. 14 The new constitution of 1848 gave the States General 15 a hand in the management o f the Dutch East Indies for the rst time. While this partial transfer of power from the king to the elected legislature did not have immediate consequences for the Indies, it facilitated the changes that were to follow in the next two decades. In particular, the new constitution indirectly allowed the in uence of public opinion, fuelled by the works of reform-minded authors like Steyn Parv e and Van H oevell, 16 to be felt in the legislation on the colonies that was to follow. In 1849, in the Netherlands, Van H oevell brought out the rst issue of the second series of Tijdschrift voor Nederlandsch Indi e, which had earlier been discontinued because of censorship in the Indies. One of his intentions was to raise awareness about the plight of the peasantry in Java. In 1850, a second journal, De Indi er, w as established, with a similar goal. Thus the year 1850 is a watershed in the economic history of Java for two reasons. It marks the end of a period of famine and disease that plagued the island on one hand, and the setting of the stage in the Netherlands for reforms that would better insulate the Javanese peasant from potential disasters in the future. As a nal point, while 1850 is 6 itself a watershed year, it marks the start of a process whose momentum was sustained by the change in government in the Netherlands, and which continued into the following decades.
Before turning to the analysis, it is useful to make note of the vast and varied literature on the Cultivation System. Most of this literature focuses on aspects of peasant welfare. Among the more vigorously debated questions are those of how the Cultivation System a ected peasant w elfare, whether the adjustments after the debacle of the 1840's improved the lot of these peasants, and what role the elimination of indigo played in changing peasant w elfare. Elson 1994 provides detailed summaries of the existing literature, Brown 1997 contains a brief synopsis of these debates, 17 and Lindblad 1993, for example, contains discussions of aspects of economic activity relevant t o these debates.
Production in the Cultivation System
Directly or indirectly, the government had control over a variety of variables which affected the output of export crops. These variables included the quantity of inputs, land and labor, crop payments for crops delivered by cultivators, cultivation percentages paid to administrators as an incentive for them to make areas under their jurisdiction more productive, and licenses for factories especially sugar mills and indigo factories which processed the raw output.
Villages as a whole were assigned to the production of a single crop. In most cases, because of the communal nature of authority over village lands 18 in the areas under study, each village was required to set aside a fraction of its cultivable land for the export crop. The allocation of labor for cultivation and other tasks such as processing in the eld, transportation, and labor obligations to the government was left to the village authorities. The demands of the government were felt di erently depending on 7 the speci c crop.
In the case of sugar, villages were required to set aside a fraction of their best sawah, 19 for cultivation. The produce was sold directly, or via the government, to the owners of sugar mills, who paid a price regulated by the government. Finally, the processed sugar was sold to the government b y the millers for a price which w as again xed by the government. Van Baardewijk makes an important distinction between two broad systems in operation in Java. 20 In the rst system, farmers were expected to pay the government a speci ed amount of rent. The funds for this rent w ere obtained from the sale of export crops to the government or other produce on the local market. The second system was marked by p a yments to the government in kind of export crops. This latter arrangement operated only in Pacitan, Madiun and Kediri until 1859, and in Banyuwangi until 1873. The residencies of Cirebon, Pekalongan, Semarang and Surabaya w ere part of the former system. The most important feature of the Cultivation System from the point of view of contractual arrangements is the extensive powers of rent extraction wielded by the Dutch East Indies authorities over the cultivators and processors of the crops.
Structural and Technological Change in Sugar Production
Because of the famine and reforms of the period 1848-1851, there is the possibility that techniques used in production changed during this period. It is important to allow for this possibility t o a v oid misspeci cation of the production function estimation. For each residency we hypothesize a year in the period 1848-1851 when structural change should have occurred. This break year is used in the subsequent analysis.
Among the most probable causes of structural change in sugar production are changes in taxation policies and corv ee in particular, and the policy of phasing out indigo production in some residencies, in which case the land was often transferred into sugar cultivation. During the debacle of the late 1840's, the Dutch East Indies authorities in 8 the a ected areas became acutely aware of the need to temper their demands on rural labor. Coupled with renewed population growth, which spread the burden of these demands over a larger number of people, this awareness led to policy changes which enabled peasants to balance the needs of foodproduction with the demands of the government more e ectively than before.
The story of indigo production in Cultivation System Java is one of failure resulting in its gradual elimination. Indigo production shows a steady decline over the period 1840-1865. There are at least two reasons for this. The rst is progressive exhaustion of the soil in indigo plantations and a continuing deterioration in the quality of the indigo plant i n Java, which was used over and over without concern for genetic robustness. 21 A related and more important reason, however, is the simple fact that large areas of land were withdrawn from indigo cultivation beginning in 1840. The area under indigo cultivation fell from approximately 30,000 hectares in 1840 to approximately 6,500 hectares in 1865, and indigo produced also fell, from approximately 1,048 metric tons to approximately 146 metric tons over the corresponding period. 22 A more telling feature of the indigo statistics is the fact that indigo production became more labor intensive | the average number of households working a bouw 23 of land cultivated with indigo rose from 5 in 1840 to 7.5 in 1865, causing indigo productivity per household to decline noticeably over the period. Indigo productivity per bouw remained more or less constant after an initial drop in 1840-1842. Because indigo grows in conditions similar to those required for sugar, a result of the decline of indigo was the simultaneous expansion of sugar production into areas formerly under indigo. Fo r a v ariety of reasons, this kind of change should be viewed 21 See Fasseur 1992, p. 65, 80-82. 22 The area under indigo was converted from bouws, at 0.7096 hectares per bouw. The weight of indigo was converted from Amsterdam pounds. One Amsterdam pound is equal to 0.494 kilograms. The data on indigo were obtained from Van Baardewijk 1993 The Cultivation System, Java 1834-1880 as follows: for land areas, the statistics were derived from Table A21 , pages 186 and 188, and for output, Table B3 , pages 234 and 236. The ratios in the following lines were also computed using data from Van Baardewijk 1993.9 as structural | the changes in output resulting from dramatic changes in land and labor unaccustomed to the production of sugar cannot beaccounted for solely by gures on changes in input levels. For example, labor which w as previously producing indigo cannot be expected to know the requirements of sugar cane cultivation the moment it is directed to begin cultivating cane. If, in addition, the soil being transferred into sugar production has been degraded, then the overall quality of land under sugar will fall. In the context of the econometric methods used in this study it should be noted that some aspects of the structural change being tested in this paper may beviewed as mismeasurement resulting from the inability to disaggregate and stratify input data. 24 If, for example, inputs such as land and labor were adjusted for quality and hours respectively, then some of the structural change measured would vanish. An example is exhausted land initially used for indigo production and subsequently transferred into sugar. This land could conceivably bemodeled as a di erent and lower quality input in a di erent production process. Similarly, for labor, workers who were relieved of the corv ee requirement during the reforms of the early 1850's would work longer hours which, if measured, would account for some of what we interpret as structural change. In other words, while we assume factor homogeneity in estimating the production functions, the inputs are in fact heterogeneous, and some of the structural change being measured can be viewed as one-time changes in the mix of these heterogeneous factors. 25 These considerations do not detract from the basic nature of structural change discussed earlier, however. Accompanying these changes in the unmeasured quality of inputs are changes in the structure of production | for example, a one time change in corv ee or a sudden increase in low quality land will also necessitate a one time changes in the way in which labor is organized and allocated across this land for the purpose of production.
Finally, it is important t o note the distinction between structural change as de ned 10 here for empirical purposes and technological" change. Structural change refers to changes in the method of production use of inputs holding available technology constant. This will appear as changes in those parameters of a production function which are associated with the inputs. Structural change a ects the input elasticities of output.
Technological" change refers to change that is not accounted for by input variables and occurs systematically over the complete duration of 31 years, between 1840 and 1870, which de nes the Cultivation System. In the case of the plantations in Java, which used little capital, this form of change re ects improvements in cultivation methods and the scope and methods of irrigation. Most if not all of these improvements form the basis for Geertz's observations about agricultural involution. A review of the aggregate data for Java provides an idea of the development of sugar cane cultivation in Java during the Cultivation System. Sugar production for the period 1840-1870 shows a more or less constant upward trend as depicted by Figure 3 . Between 1840 and 1869, sugar production almost tripled, from 46,485 metric tons to 130,244 metric tons. 26 This expansion in output was at least partly driven by a rapid expansion in land under sugar cultivation 1840-1852 and an expansion in households producing sugar cane 1840-1844 and 1850-1869.
The technology factor was also an important cause of increased output of sugar cane, both in the plantations and in the sugar mills. 27 The development of the highly productive black Cirebon variety of cane along with an expanding irrigation system in many areas greatly enhanced productivity in the plantations. In addition, milling technology was upgraded from bu alo to steam power, and the incorporation of the vacuum pan and centrifuges for the extraction of sugar were largely responsible for the increased yield in the mills in the mid-1850's. 28 Note that sugar production, both 11 per household and per bouw rose steadily over the period 1840-1869, also suggesting technological change. An indication of the role of technology in increased productivity i s the fact that, in spite of an increase in the number of households per bouw of land planted with sugar cane from 1850-1869, sugar productivity per household still rose, albeit with uctuations, from 8 piculs 29 perhousehold to about 10 piculs per household.
Agricultural Involution and Sugar Production
In 1963, Cli ord Geertz 30 analyzed the economic development of Java using a culturalecological approach. He attributed Java's slow growth in the early 20th century to the fact that the food surpluses of the 19th century were dissipated to support a growing class of labor which w as working on the plantations of the Cultivation System. He contrasted the case of Java with that of Japan, in which food surpluses nurtured manufacturing and commerce, which stimulated stronger economic growth in the rst half of the 20th century. Geertz's title Agricultural Involution is derived from a central observation about sawah cultivation in 19th century Java:
... phenomena characterized the development of the sawah system after about the middle of the nineteenth century: increasing tenacity of basic pattern; internal elaboration and ornateness; technical hairsplitting, and unending virtuosity. And this late Gothic" quality of agriculture increasingly pervaded the whole rural economy: tenure systems grew more intricate; tenancy relationships more complicated; cooperative labor arrangements more complex | all in an e ort to provide everyone with some niche, however small, in the over-all system. 31 12 Geertz observed that pressure on rice elds from rapid population growth 32 and the expansion of sugar cultivations resulted in the rapid intensi cation of rice cultivation, leading to the involution described above. Because Geertz's description of involution is not a de nition in the strict economic sense, the question of how t o i n terpret agricultural involution in an economic context arises. We de ne involution as the process in which the increasing intensity of labor in agriculture is accompanied by signi cant technological change. This enables the land to support a larger number of people on a limited amount of land. In addition, the productivity of labor on the margin is very low because of the high intensity of labor in the production process. Boserup 1965 , provides a description of changes in agricultural production in Java in response to population growth that is remarkably similar to Geertz's description. Focusing on the e ects of increases in population density, she lists methods which are new : : : ," hard work instead of a more leisurely life : : : ," and sweeping changes in land tenure : : : " as consequences. 33 These changes are essentially land-saving," as discussed in Hayami and Ruttan 1971 34 and a large related body of literature in agricultural economics. They include the wider adoption of pre-existing high-productivity technologies, such as short fallow instead of long fallow Boserup, p. 60-61, as well as the adoption of new technologies such as high-yielding varieties, as discussed earlier. In the context of Cultivation System Java, Boserup's concept of induced technological change is also an accurate economic interpretation of Geertz's concept of agricultural involution. 35 Geertz's analysis focused primarily on the production of rice, the main food crop of Java. However, he devoted substantial e ort to the analysis of the sugar growing regions 32 Population growth in mid-nineteenth century Java has been analyzed by a number of scholars, including Breman 1963 Elson 1994 , Nitisastro 1970 , and Peper 1980 . Most scholars agree that the population grew at a rate of over 2 per annum. See Elson 1994, p. 278, for example. 33 Boserup 1965, p. 61, 64. 34 Hayami and Ruttan 1971, p. 44.13 of Java. In particular, he was careful to emphasize the closely interlinked nature of sugar cane and rice as crops. Among other observations, he noted that the cane was usually planted in the best rice areas, and that the most e cient rice growing areas were the predominantly sugar growing regions. 36 On the basis of this alone, a strong case can bemade that, if involution occurred in the production of rice, then, because sugar cane utilized the very same inputs as rice, involution should also be mirrored in the production of sugar. In addition, however, Geertz's analysis did not pay much attention to the fact that during the Cultivation System, the economy transformed itself from a food oriented exchange economy i n to a dual economy, with the export based agricultural sector playing a very important role. The Cultivation System also brought about the monetization of the village economy in most of Java, so that any analysis of the welfare of the Javanese peasant in this era must incorporate the development of the agricultural export sector, which contributed signi cantly to the income of peasants. Finally, to the extent that this monetization increased the degree of substitutability b e t w een crops, broad developments such a s t e c hnological change and involution should be visible not only in rice, but in other competing crops as well. Of these crops, sugar cane is a prime candidate for analysis, because it grew in the same areas as rice, used similar technologies for processing, and data for sugar production are readily available. 37 Because the colonial government kept detailed records of production in plantations, we can analyze sugar production to see if the involution described by Geertz and dened above in economic terms is detectable in the major Cultivation System cash crop, sugar cane. Evidence of involution should appear as low or decreasing elasticities of output with respect to labor and land, as the increasing abundance of labor rendered it redundant due to diminishing returns to labor, and the increasing scarcity of land t for sawah cultivation reached the point that newly claimed land was relatively unproductive, while the quality of land already under sugar diminished from the e ects of increasingly 14 intensive cultivation. The treading water" allusion 38 made by Geertz in reference to the ability of the land to support, albeit barely, ever increasing quantities of labor by increasingly intensive cultivation should appear as signi cant technological change in production, operationally de ned as changes in output not caused by c hanges in inputs, supporting another aspect of the involution story, and counterbalancing the constraints of soil exhaustion and the unavailability of additional high-quality s a w ah land.
Empirical Analysis
In this section we rst describe the data used for the estimation of sugar production functions. Second, we report results on univariate properties of the individual series. These results justify the techniques used to estimate the production functions. We take care to rule out the possibility of spurious regressions. Finally, we report estimates of the production functions.
Data: Quality and Usability
The production functions are estimated using time series data for the period 1840-1870. The signi cance of the year 1840 is that it marks the end of the initial expansion in production of co ee, indigo and sugar cane. The passage of the Agrarian Law in 1870 marks the e ective end of the Cultivation System. The data include yearly observations of sugar production in metric tons, labor in households 39 and land in hectares for the residencies of Cirebon, Pekalongan, Semarang and Surabaya. These aggregate data for sugar were obtained from Van Baardewijk 1993, whose data are derived from the Cultivation Reports located in the Rijksarchief State Archives in the Netherlands 38 Geertz 1963, p. 78. 39 The Koloniaal Verslagen Colonial Reports counted labor in units of households. There is some confusion as to how many laborers make up one household. So long as the number of laborers per household stays constant o v er time within regions, a reasonable assumption, the estimation is una ected. and Koloniaal Verslag 1850-1870. 40 As has been repeatedly noted by scholars of the Cultivation System, some of the statistical data are inaccurate. An example of this inaccuracy is the data on households involved in the various cultivations. These numbers were frequently misreported by village heads with the aim of reducing a village's corv ee or tax liability. 41 In addition to problems of under-reporting is the problem of missing data for land in 1852-1853 and for labor in 1853. For the estimation of the production functions, we drop the data for 1852-1853. 42 In interpreting the results, it is important t o k eep in mind three other shortcomings of this analysis, all of which stem from the inadequacy of the data. The rst and most important problem is the absence of data on sugar cane production. Sugar production may be viewed as a two stage process. The rst stage is the agricultural stage, with cane as the output and land and labor as the inputs. The second stage is the industrial stage with cane as the input and sugar as the output. Ideally, t o test hypotheses about agricultural involution, the agricultural stage of sugar production should be modeled, using cane as the dependent variable. Because data for cane are not available, we use milled sugar as the dependent variable. Thus, the dependent variable in our regressions can be viewed as having measurement error. This will increase the variance of the regression error and increase standard errors, but will not invalidate estimates of production 40 Van Baardewijk 1993, Table B8 , pp.278-293. 41 See van Baardewijk 1993, pp. 24-25 for a discussion of inaccuracies relating to Cultivation System data, and Boomgaard 1990 for a discussion of inaccuracies relating to data on rice production in 19th century Java. Because of the historical nature of the data, it is di cult to specify the nature of these inaccuracies. For this reason, we use the original data for our analysis. 42 The substance of the results remains the same if interpolated data are used for these years. The reason for the absence of these data is the fact that the primary source of these data, the Koloniaal Verslagen of 1852 and 1853 contain incomplete data for sugar. 16 function parameters.
The estimation of production functions assumes that factors are homogeneous. For example, every hectare of land is assumed to have the same quality as every other hectare of land. In practice, this assumption is often violated and seldom acknowledged. As discussed earlier, this problem is of concern, for two reasons. The rst is that in time series analysis spanning thirty y ears, it is natural to expect changes in the quality of land through exhaustion or improvements in irrigation. These changes occur systematically over time, but are not captured by changes in quantities of inputs. The inclusion of a structural break in the late 1840's helps to mitigate at least some of these problems. In addition, the parameter estimates from the regression can tell us little about di erences in the quality of land on the margin, unless one is willing to assume that all the land is of the same quality within each sub-period, and that the quality of land changes only once, at the break date. Clearly, any interpretation of the regressions must bedone keeping the problem of factor heterogeneity in mind.
There is also the potential for omitted variable bias in this study as a result of the unavailability of data on bu aloes used in the sugar plantations. 43 Bu aloes served two functions in the plantations: as a means of preparing the land for planting, and as a mode of transportation of cane from the plantations to the mills. For example, if the number of bu aloes is positively correlated with labor, then the omission of this variable would cause the parameter estimates for labor to be biased upward. However, to the extent that the use of bu aloes changed systematically over time, a time trend included in the regression will reduce some of this bias.
General Time Series Characteristics of the Univariate Series
In this section we examine the univariate properties of the individual series. In particular, we focus on the behavior of the trends of these series and formally test for shifts in the trend functions for years near 1850. We also test whether the series are better characterized as being trend stationary or unit root processes. Knowledge of these properties is helpful in obtaining stylized facts about trends in the series, and in ruling out the possibility o f spurious regression results arising from non-stationarity. To formally assess the trending behavior and stationarity of the series, the techniques of Vogelsang 1997 Vogelsang ,1998 were applied to the series. Chandra and Vogelsang 1996 contains a detailed analysis of the time series characteristics of the univariate series. 44 The results can be summarized as follows. First, there is evidence that most of the series are trend stationary no unit roots. Therefore, estimation of production functions can proceed using standard regression techniques. Second, there is substantial evidence that the trend functions of the series have a break in the period 1847-1851. In the labor series, we see the impact of the famine years before 1850, when labor growth was at or negative. After 1850, labor began to grow again. In the land series, we see the impact of government policy in allocating land to sugar production. Sugar output, however, does not always re ect these changes, and when it does, it does not change by an amount that would correspond to these large changes in inputs and input trends. For example, Cirebon shows strong evidence of shifts in the trends of labor and land while there is no evidence that a corresponding shift in the trend of sugar production also occurred. How can we explain this discrepancy? Also, in the case of a residency like Surabaya, in which land increased before 1850 while labor stayed relatively constant, and labor increased after 1850 while land stayed relatively constant, can we say something about the structure of production before and after 1850?
We hypothesize that changes in inputs and their trends are not always re ected in changes in output and its trend because of structural change in the production function itself a one time switch to a di erent method of production. Such structural change can becaused by the sudden introduction into sugar production of land and labor hitherto used for indigo cultivation, as in the case of Cirebon, in which case labor must learn by doing, the nutritive content of the land must be replenished, 45 and the quality of the land on average is probably no longer as suited to sugar cultivation as was the land originally allocated to cane. Structural change can also becaused by a reduction in the numbers of corv ee laborers and the durations for which they are required to work away from their elds, thus increasing the quality of agricultural labor, or by an improvement i n w orkers' nutrition following the end of the famine period of the late 1840's.
Production Function Estimation
In order to estimate production functions, some functional form must beadopted. To permit exibility in the functional form we started with the transcendental production function. 46 Then, in order to obtain the most parsimonious characterization of production, we used hypothesis testing to eliminate those variables which appeared to be redundant.
The rst step in this two-step procedure was to estimate the transcendental production function
where Y is sugar production, K and L are land and labor respectively, A; ; ; ; and are parameters, and t is a time trend, included to incorporate changes which occur systematically with time and which are not accounted for by changes in the trends of land and labor. Because the trend variable captures in part the e ects of improvements 45 Indigo is particularly demanding on soil nutrients. 46 A more exible form is the translog form, which includes second order terms for individual variables and their interactions. The drawback o f this form is that it would require the estimation of a larger number of parameters. Because the data sets are already so small, we c hose the transcendental form to balance functional exibility with the constraints of degrees of freedom.
in methods of cultivation, a positive v alue of is a possible indication of the systematic improvements in productivity mentioned in Geertz 1963. Note that when = = 0 ; the production function takes on the Cobb-Douglas form. Therefore, Cobb-Douglas production is a special case of transcendental production. This form is less restrictive than the Cobb Douglas form in that it allows for variable factor elasticies of production.
By taking the natural logarithm of both sides of 1, we can write the regression model as y t = + t + k t + K t + l t + L t + t ; where y t = lnY t ; k t = lnK t ; l t = lnL t ; and = lnA: In order to incorporate the hypothesis of structural change in the production function, we use the dummy v ariable The parameter is the change in the intercept. 47 47 An alternative to structural change is to model the production function parameters as functions of time using the Cobb-Douglas form:
This parameterization is equivalent to including interaction variables between t and the inputs in the regression model. In this case, elasticities are by construction changing over time. We estimated models of this form but still found evidence of structural change in the production function parameters. 20 Regression 4 was estimated by OLS for each of the residencies. The estimates are presented in Table 1 as the Full" Models. The break dates were chosen based on the historical record, and not a visual inspection of the series. For Pekalongan, Semarang and Surabaya, we c hose 1850 as the hypothesized break year because by 1850 the severe famine of Central Java had a ected all of these residencies, and by this year the reforms in the Netherlands Indies had begun to take e ect. For Cirebon, however, we used 1848 for the break year because it was a ected by a severe local famine in 1844 which precipitated a large scale transfer of land from indigo to sugar between 1847 and 1848. In Section 4.1, we report strong evidence that all four residencies show structural change in the production functions. Therefore, we only report results for speci cations that allow structural change. First, notice that the R 2 for all the regressions are very high, but the Durbin Watson DW statistics are not close to zero. This indicates that the regressions are not spurious. 48 The high R 2 can be partly explained by the fact that the data are trending over time. In other words, the R 2 is picking up the trends and does not necessarily re ect the t of the production functions holding time constant. 49 In order to measure the t of the regressions controlling for the trending behavior of the series, we also estimated the regressions using detrended series. These R 2 statistics are reported in the row labeled R 2 Detrend" in Table 1 . They indicated that much of the variation of sugar production around its trend is in fact explained by variations in the inputs around their trends.
While the DW statistics are not close to zero, they are in some cases signi cantly di erent from 2 a DW statistic of 2 indicates no serial correlation, indicating that the errors are serially correlated. Therefore we computed standard errors and tests using the heteroskedasticity and serial correlation robust estimates of the variance-covariance matrix of the parameter estimates as suggested by Newey and West 1987 and Andrews 21 1991. Using standard normal critical values, 50 many of the parameter estimates are signi cant at the 1 and 5 levels. For example, both the level and log of land are signi cant before the break year for all residencies, and the level and log of labor after the break year is signi cant for Pekalongan. In many other cases, however, the inputs do not appear signi cant. This is not surprising given the small sample sizes in the pre-and post-break periods. Also, since the level and log of a variable will be highly correlated or multicollinear, standard errors can be expected to be relatively large. The multicollinearity problem can be addressed by dropping the level of an input to obtain the Cobb-Douglas functional form. We formally tested whether the Cobb-Douglas restriction was supported by the data. We report Wald statistics with p-values in parentheses in Table 2 . In the majority of cases, the Cobb-Douglas restriction is soundly rejected. In three cases all post structural break, for Cirebon, Semarang, and Surabaya, the Cobb-Douglas restriction is not rejected.
We arrived at the Final" speci cations in the following way. The levels and logs of land were included before the break for all the residencies since the individual coe cients are all signi cant. The signi cance of the levels of land account for the rejection of the Cobb Douglas speci cation before the break. The levels of labor before the break were dropped in all four cases since they are not signi cant. After the break, the levels of both labor and land are insigni cant and were dropped in order to reduce multicollinearity. The exception is the level of labor for Pekalongan, which is signi cant this explains the rejection of the Cobb-Douglas functional form after the break for Pekalongan and was not dropped.
In the Final" model, all of the land coe cients are statistically signi cant, and the labor coe cients for Cirebon and Pekalongan are statistically signi cant after the break. In the other cases, the labor coe cients are not signi cant, and for Semarang and Surabaya the point estimates are also small in magnitude. The R 2 after detrending are similar in the Final" and Full" models, indicating that the Final" model retains 22 a remarkably high level of t.
Interpretation of the Results
In this section, we provide an interpretation of the estimates obtained in Section 3. We rst report results of hypothesis tests for evidence of structural change in production, and of technological change. We then use estimates of elasticities to see if there is evidence of agricultural involution.
Structural Change: Evidence and Characterization
To see whether production was a ected by the changes of the years 1847-1851 we used Chow 1960 tests to determine whether the parameters in the production function for the Full" model show evidence of structural change. 51 This amounts to testing jointly whether the parameters before and after the break year remained the same or changed. We report tests for structural change in both inputs and also for each input separately. The results are given in Table 3 with details of the computation of the test statistics. We report the Wald statistics with p-values in parentheses. Several observations can be made based on the tests. First, for all four residencies, the hypothesis of no structural change in production can berejected at any reasonable level of signi cance. If we look at the inputs separately, there is strong evidence of structural change for land in the production function in all four residencies. For labor, on the other hand, there is strong evidence of structural change for Cirebon and Pekalongan, while for Semarang and Surabaya there does not appear to be structural change. Why the di erence? The answer lies in a characteristic that both Cirebon and Pekalongan have which Semarang and Surabaya d o not. Both Cirebon and Pekalongan grew indigo among other crops. Indigo was widely regarded as the most burdensome forced cultivation, and as a result of the reforms of the late 1840's, indigo cultivation was gradually phased out to reduce the workload of the a ected peasants. Resources from indigo cultivations were substituted into sugar cultivation. Semarang and Surabaya, by contrast, had no indigo cultivations. Therefore, if the reforms had any impact by w a y of alleviating labor demands on peasants, then we should see this impact more clearly in residencies like Cirebon and Pekalongan, which were quantitatively and qualitatively more a ected by the Cultivation System.
Systematic Technological Change in Production
The trend term in the regressions captures information about changes in sugar production over time not captured by trends in either labor or land, or by the structural changes of the late 1840's. Estimates of annual growth rates in percentages are presented in Table 4 .
If the traditional interpretation of this variable as time-systematic technological change is admissible, then a few conclusions can be made about technological change in the four residencies. First, all four residencies show technological progress for the period 1840-70 as the trend parameters are all statistically signi cant in both the Full" and Final" models see Table 1 . Second, the point estimates for Cirebon and Pekalongan, the westernmost residencies, indicate that the highest rates of change occurred there, followed by Semarang, and then Surabaya, the easternmost residency. Even if the technological progress interpretation is not strictly valid i.e., the bu alo issue discussed earlier, we can still conclude that much of the growth in output was not due to growth in land and labor.
It is impossible to assign a share of the total technological change to each of the two di erent stages agricultural and industrial of sugar production. There is anecdotal evidence of such change in both sectors, however. In the agricultural sector, the introduction of the highly productive Cirebon variety of cane, the improvement of irrigation facilities, and the development of better regulated methods of planting and harvesting all contributed to a higher output of productive cane per unit land. In the industrial sector, the introduction of new processing technologies improved the output to cane ratio, leading to signi cant increases in sugar output.
Is there Evidence of Involution?
From our earlier de nition of agricultural involution, two predictions can be made about input elasticities. First, the elasticity of labor should besmall, indicating the minimal contribution of labor to output at the margin. Second, the elasticity of land should be lower after the break than before it, indicating a decline in the quality of land.
Since the production function for the Full" model takes the transcendental form, elasticities of production with respect to the inputs are functions of the parameters on the level and log of each input, and the level of the input itself. For example, the elasticity of output with respect to land in a residency before the break date evaluated at the mean level of land for that period would be
where K is the elasticity, 1 and 1 are the parameters on the log and level of land respectively, and K is the mean level of land for the pre break period. For the Final" model, the elasticities are either the transcendental elasticities de ned above or, if the 27 28 speci cation has been reduced to Cobb-Douglas for a particular input, the coe cient of the log of that input. Estimates of the elasticities for the Final" model are given in Table 5 . We also report the elasticities based on the Full" model for completeness. However, due to the multicollinearity problems associated with the inclusion of both levels and logs of the inputs and the small degrees of freedom in the Full" model, we focus on the Final" model. 52 In Table 5 , for the Final" model, only one of the eight labor elasticities is statistically di erent from 0. In addition, for Semarang and Surabaya, the estimates are very small in magnitude. This clear indication of the saturation of land with labor, a key stylized fact" used by Geertz, is consistent with our de nition of involution.
A numberof the labor elasticities are negative. From an economic perspective, negative elasticities do not make sense, but it should benoted that all but one of the elasticities are not signi cantly di erent from 0, and the other elasticity is only marginally signi cant. Taken at face value, however, a negative elasticity of labor suggests that the alternatives to sugar cultivation open to agricultural labor in Java, such as rice production, were no more productive than sugar, if labor was substitutable between sugar and rice. There is considerable evidence for this substitutability. Recall how the Cultivation System worked: the Indies authorities required that a xed fraction of village land be allocated to sugar production, but they were not in control of the allocation of labor, the village headmen being the individuals entrusted with this responsibility. Further, the authorities levied land rents that usually, and especially in the later part of the Cultivation System, fell well short of the total crop payments generated from sugar cane production see Fasseur 1992 , Appendix 1, p.246. It is therefore quite clear that the village headmen were not in general being forced to allocate more labor than they desired to sugar cane production. 53 In this unconstrained scenario, a rational producer would have allocated labor across rice and sugar so as to equate the marginal value products 29 of the two crops. We base our assertion that developments in sugar cane cultivation re ect parallel developments in rice cultivation partially on this fact. 54 Seven of the eight land elasticities are signi cant and positive. In addition, for all four residencies, these elasticities fall after the break. This suggests that the quality of land after the break was lower than it was before the break. 55 This second phenomenon supports Geertz's observation that there was little productive land left onto which sugar cultivation could expand after 1850 | all productive land was already being used either for rice or foodcrop production to support a burgeoning population, or for cash crops like sugar cane. Furthermore, the quality of land currently in sugar growing areas had deteriorated 56 to the point that any expansion of land under sugar within the rice-sugar sawah system did not contribute signi cantly to sugar output, the changes being brought about by improvements in cultivation and milling technologies, which are time systematic and appear in the technological change parameter.
These observations are consistent with Geertz's 1963 observation of agricultural involution as it would a ect non-rice sectors of the rural economy. The cultivation of 54 The negative labor elasticities also raise the question of whether corv ee had a major impact on peasant welfare, as Elson op. cit. suggests. In particular, if labor was so abundant as to make it unproductive, then could corv ee have imposed a heavy burden on the peasantry? In this study, we prefer not to speculate about the impact of corv ee on peasant welfare in the 1840's. In order to con dently do so, we w ould need either data on corv ee labor, or, at the very least, to control for the years 1845-1850 as a separate period in which we would expect the marginal product of labor to be greater than 0 because of a scarcity of labor. Such analysis would be complicated by the weakened condition of the population, a factor which w ould work counter to the scarcity e ect. Given the small size of the current data set, we do not have the degrees of freedom to do this, but it is certainly an interesting issue, and one which w ould interest a number of Cultivation System scholars. We thank a referee for raising this interesting question. 55 Note that, because the production function is Cobb Douglas in land after the break for all four residencies, the post break land elasticities are independent of the mean amount of land in sugar production. This provides an automatic control for the level of land when comparing the pre and post break land elasticities. 56 See Purseglove 1972 for details of the high nutrient requirements of sugar cane. 30 sugar cane on land which had previously been used for rice cultivation had become so labor intensive that the contribution of additional labor to output was virtually zero in sugar.
Conclusion
This paper is the rst attempt to characterize Cli ord Geertz's notion of agricultural involution in economic and econometric terms. We de ned involution as the process in which increasing intensity of labor in agriculture is accompanied by signi cant technological change. This enables a limited area of land to support a larger number of people. In addition, the output elasticity of labor is very low because of the high intensity of labor in the production process. While Geertz focused on rice production in his study, he devoted considerable e ort to the analysis of agricultural production in the predominantly sugar growing regions of Java. Because sugar cane formed an integral part of the sawah ecology and the increasingly monetized village economy in Cultivation System Java, it experienced the same forces of economic change as did rice. Since the data for sugar are considerably more reliable and complete than those for rice, we h a v e analyzed sugar production in those residencies where it played a major role to test for and characterize structural change and agricultural involution in Java.
We h a v e estimated sugar production functions for four residencies in Cultivation System Java, paying attention to the circumstances speci c to these areas. In estimating these functions, we have established that structural change in sugar production accompanied the end of the period of famine and disease of the late 1840's and the beginning of the reforms of the Cultivation System. In those residencies, namely Cirebon and Pekalongan, where labor was more heavily burdened by the requirements of indigo cultivations, structural change is evident in both land and labor. In those residencies where the Cultivation System was less obtrusive, only land is a ected by the changes. A second set of conclusions stems from estimates of factor elasticities of output. These are consistent with Cli ord Geertz's 1963 observations about the cultivation of sawah land in Java. While labor has a low factor elasticity, indicating land saturated with labor, the factor elasticity of land is lower for the period after 1850, indicating soil exhaustion and an increasing scarcity of land suitable for sawah cultivation with the attendant fall in the quality of new land brought under sugar cultivation. Third, estimates of time-systematic growth in production not explained by c hanges in inputs con rm the importance of technological change in sugar production in Cultivation System Java. However, because of the inability of the data to distinguish between improvements in the agricultural and the industrial aspects of sugar production, it is not possible to conclude with certainty that technological change in agricultural production occurred for sugar, even though there is anecdotal evidence which suggests that this did indeed occur, as in the introduction of high-yielding varieties of cane in Cirebon. This suggests that Geertz's description of the process of agricultural involution may have been in uenced as well by the e ects of technological change on the milling and other industrial aspects of production.
In sum, using econometric methods for the rst time on residency level data for four Cultivation System residencies in Java, we have found substantial evidence that supports and provides an economic characterization of agricultural involution. These ndings must, however, be viewed in light of parallel evidence that forces external to the actual process of cultivation i.e., technological change in the milling and processing of sugar and rice may have led to an exaggerated perception of the ability o f agricultural involution to support the ever-burgeoning population of Cultivation System Java.
